and Staub (13) found that the histamine-liberating substance compound 48/80 temporarily inhibited the pressor effect of acute airway hypoxia in the cat. Hauge (11) and Hauge and iMelmon (12) used the isolated, perfused rat lung to demonstrate that the level of tissue histamine is related to the magnitude of the hypoxic pulmonary vasoconstrictor response. They showed that substances that inhibit histamine breakdown enhanced the response, whereas large doses of antihistamines and substances that acutely deplete histamine stores reduce or completely abolish the response. In the lung, most of the histamine is stored in mast cells (23) which are located predominantly in the perivascular and peri bronchial connecti .ve tissues (6). Data showing that alveolar hypoxia is a more PO tent constri ctive stimulus than pulmonary arterial hypox e+=? (25) are consistent with the idea that there is a peripheral chemoreceptor located in the lung parenchyma in close proximity to both pulmonary blood vessels and distal airways. Bergofsky (5) has suggested that this chemoreceptor could be the pulmonary mast cell which might respond to alveolar hypoxia by releasing histamine which could then mediate pulmonary vasoconstriction. Histamine is often present in tissues in a preformed state, but it can also be produced as needed by enzyme induction of specific histidine decarboxylase leading to an increase in the histamine-forming capacity of the tissue (17). In the case of acute hypoxic pulmonary vasoconstriction, the time course is rapid and more compatible with the time course expected for the release of stored histamine. However, if prolonged histamine release played a part in the development of chronic hypoxic pulmonary hypertension, it might be expected that this would necessitate an increase in the histamine-forming capacity of lung tissue (13). If the source of the released histamine were perivascular mast cells, then an increase in the histamine-forming capacity might be achieved either by enzyme induction in each individual mast cell, their number in the lung remaining unchanged, or by proliferation of perivascular mast cells. Alternatively, the histamine-forming capacity of lung tissue apart from mast cells might be increased in chronic hypoxia.
In this paper we describe investigations into the hypothesis that acute hypoxic pulmonary hypertension is mediated by histamine release from perivascular mast cells, and that chronic hypoxic pulmonary hypertension is associated with an increased lung mast-cell density and pulmonary histamine-forming capacity. We have carried out a histochemical study of pulmonary mast-cell histamine in rats after varying periods of acute alveolar hypoxia and after the administration of the histamine-releasing agent, compound 48/80 (27). We have also counted lung mast cells and assayed the enzyme specific histidine decarboxylase in control rats and in a group of rats subjected to a period of chronic hypoxia.
of animals served as untreated controls. Each of the test rats was confined successively in a small metal cage partly covered by a Plexiglas lid and in a decompression chamber of 250 liters' capacitv. The chamber was then rapidly decompressed by 250 mmHg over a period of 1.5 min. Because this study was conducted at Denver (altitude 1,610 m), where the mean barometric pressure is 630 mmHg, the decompression chamber was in effect simulating a barometric pressure of 380 mmHg corresponding to an altitude of 5.500 m above sea level. At the end of the appropriate period of acute hypoxia, the rat was rapidly anesthetized by allowing 30 ml of ether to flow through a thin tube from the exterior of the decompression chamber to saturate a wad of gauze covered by wire mesh and situated within the metal cage. As soon as the rat was observed to be unconscious, the chamber was rapidly recompressed and opened. The chest was incised and the cervical and thoracic viscera were removed in one block. The trachea was cannulated with a polyethylene tube, and the lungs were distended until their pleural surfaces were smooth by injecting absolute anhydrous ethyl alcohol prechilled to a temperature of 2°C. The lungs became firm within a few seconds of the injection, which permitted a thin (2-3 mm) transverse block of tissue to be cut with a razor from the median lobe of the right lung. 
Compound 48180
The following studies were carried out to verify that the OPA-fluorescence technique was capable of demonstrating gross histamine depletion from mast cells.
Five young female Wistar albino rats weighing between 159 and 187 g were lightly anesthetized with ether and their right external jugular veins were exposed through a short incision in the neck. Each animal was given a single intravenous injection of compound 48/80 dissolved in saline in a dose of either 0.5 or 1 mg/kg body wt. One rat died 2 min after receiving compound 48/80. In the remaining four animals, the skin incision was repaired with thread and they were killed 4, 6, 8, and 24 h after receiving compound 48/80. In every case, the rat was anesthetized with ether, the chest was incised, and the cervical and thoracic organs were removed in one block. The lungs were fixed by endotracheal instillation of prechilled anhydrous ethyl alcohol and histochemically examined for the presence of histamine with the method already described.
In addition, one block of alcohol-fixed lung tissue from each animal was embedded in Paraplast and histological sections were stained with 0.2 % toluidine blue dissolved in 5 % aqueous aluminum sulfate for the demonstration of mast cells (15).
Chronic Hypoxia
We studied the effect of chronic hypoxia on lung mastcell density and pulmonary histamine-forming capacity using 18 female Wistar albino rats (initial weight, 105-125 g) which were divided into two groups consisting of nine test animals and nine controls. Each animal was weighed, and the orbital-bleeding technique described by Riley (28) was used to obtain specimens of venous blood in capillary tubes for the estimation of hemoglobin concentration and hematocrit.
Both test and control rats were accommodated so that there were three animals per cage. The test rats were placed in the decompression chamber which was rapidly evacuated to a pressure of 380 mmHg. The three cages containing the control rats were placed adjacent to the decompression chamber. Both groups of animals were subjected to 12-h alternating periods of light and dark and had free access to Zia laboratory chow and water. Food and water were replenished and bedding was changed every 2 days for both the test and control rats; this necessitated opening the decompression chamber for about 5 min on each occasion. One of the test rats died after being in the decompression chamber for 6 days. After the test rats had been exposed to chronic hypoxia in the decompression chamber for 20 days, each of the test and control animals was weighed and then anesthetized with ether. The orbital-bleeding technique was again used to obtain specimens for the determination of hemoglobin concentration and hematocrit. The thorax was opened and the cervical and thoracic viscera were removed in one block. The left bronchovascular pedicle was clamped, and the left lung was detached, pressed once between gauze to remove excess blood, weighed, and assayed for specific histidine decarboxylase activity using the method described below. The left bronchovascular pedicle was ligated and the clamp was removed.
A cannula was inseried into the trachea, and the right lung was distended with buffered neutral Formalin at a pressure of 30 cm HZO. When the pleural surface was smooth, the trachea was ligated, the cannula was withdrawn, and the thoracic organs were immersed in buffered neutral Formalin.
When fixation was complete, the heart was dissected free and opened. Blood and excess fixative were removed by blotting with gauze. The cardiac chambers were divided to obtain the weights of the free wall of the right ventricle, the left ventricle together with the interventricular septum, and the two atria. Right ventricular hypertrophy was assessed and consecutive, was systematically examined in each of th e sections from the hypoxic and control rats, so that the total area examined in each was 20.48 mm2. This accounted for about half the total area of the lung section in each case. Mast cells are located in four areas of the lung: in the pleura, in the perivascular connective tissue, in the peribronchial connective tissue, and in the alveolar septa. In the present study, only mast cells situated within the substance of the lung were counted; the pleural mast cells were regarded as being extrapulmonary and were ignored. As the mast cells were counted, a note was made as to whether their situation was perivascular, peribronchial, or septal. From these data, the total number of mast cells per square millimeter lung in each rat was calculated. The number of perivascular, peribronchial, and septal mast cells was then expressed as a percent of the total number counted.
Assay of histidine decarboxylase. A 1 : 3 (w :v) homogenate of the left lung was made in ice-cold 0.32 M sucrose using Kontes (Kontes Glass Co., Vineland, N. J.) ground-glass tissue grinders.
The homogenate was centrifuged at 27,000 X g for 40 min, and the supernatant was used to estimate histidine decarboxylase activity by measuring the amount of 14C02 released from carboxy-labeled L-histidine during a Z-h reaction at 37 "C. The assay medium contained: 100 mM potassium phosphate, pH 6.5; 0.4 mM L-[ 1 -14C]histidine 2 mCi/mmol (New England Nuclear Corp., Boston), 1 PM pyridoxal phosphate (Sigma Chemical Co., St. Louis) and 0.075 ml tissue-homogenate supernatant in a total volume of 0.10 ml. The contents of the assay were preincubated 5 min to insure enzyme-pyridoxal phosphate-complex formation, and the reaction was subsequently started by the addition of the L-[ l-14C]histidine. To minimize the presence of nonenzymatically produced 14C02 and thus maintain higher sensitivity, the radiolabeled histidine (routinely stored in 1 N HCl) was dried under nitrogen immediately preceding the enzyme assay and dissolved in 0.1 N HCl for addition to the reaction mixture. Assays were contained in IO-ml test tubes capped with rubber injection stoppers from which a plastic well (Kontes Glass Co.) was suspended.
The plastic well contained 0.2 ml organic base (NCS, Nuclear-Chicago Corporation) to trap 14C02 produced during the histidine decarboxylation.
The reaction was stopped by the injection of 0. decreased the r4C02 production to that of the boiled enzyme blank. This indicated that our procedure was assaying selectively the activity of specific L-histidine decarboxylase.
Preliminary experiments revealed that virtually all the histidine decarboxylase in rat lung homogenate was contained in the soluble fraction, which permitted the discarding of a major portion of the cell protei n as insoluble membrane.
Preliminary experiments were undertaken to determine under what condit.ions specific histidine decarboxylase activity would be maximal, while nonenzymatic decarboxvlation would be minimal. Maximal specific histidine decarboxylase activity is obtained with 4 X 10m3 M histidine at pH 7.0, whereas the greatest difference between specific histidine decarboxylase activity and nonenzymatic decarboxylation is obtained with 4 )( 10m4 M histidine at pH 6.5. Accordingly, the latter conditions were employed for the determination of pulmonary histidine decarboxylase activity in this study.
RESULTS

Acute WP oxia
Fluorescence microscopy of lung sections stained with OPA showed abundant mast cells in the pleural, perivascular, and peribronchial connective tissues of the two control rats. Fl uorescent mast cells were located in the adventi tial coat of elastic and muscular pulmonary arteries and in relation to small and large pulmonary veins. The cells exhibited a characteristic appearance: they were mostly oval or elongate in shape, measured from 4 to 14 p in greatest dimension, and their cytoplasm showed a bright-yellow fluorescence. At low magnification the fluorescence appeared diffu se, although it sharply outlined the cell boundary. At high magnification this cy toplasmic fluorescence was resolved into a fine granularity.
At the center of each cell was located a circular, dark, unstained, nonfluorescent zone corresponding to the site of the nucleus. The general appearance of the mast ccl 1s with a bright fluorescen t cytoplasm and a dark, circular, unstained centra 1 area was reminiscent of the shape of a doughnut and made them easily identifiable even with low-power mi .croscope objectives. Examination of the lungs of the three pairs of rats exposed to acute hypoxia for 15, 30, and 60 min revealed plentiful fluorescent mast cells located in the pleura, around bronchi, and in the adventitial coats of pulmonary arteries and veins. There was no qualitative evidence of histamine The intensity of the fluorescence was identical in both the control and three pairs of test rats, and there was no apparent difference in this intensity between the peribronchial and perivascular mast cells of the test rats.
low grade and did not seem to affect the hypoxic rats more severely than the controls.
Compound 48/80
During the course of the experiment, the control animals also showed an increase in hemoglobin and hematocrit values as would be expected in young rats at this period of their growth (10).
Within minutes of receiving the drug, the rats showed intense erythema followed by cyanosis of the ears and extremities. Two also showed visible edema of the muzzle and feet.
All In two of the rats, only one mast cell could be identified in the entire section. The fluorescent cells showed an indistinct cell boundary, and were sometimes surrounded by a faint-yellow fluorescent halo indicating histamine release.
Lung mast cells. The data summarized in Table 2 show that in the control rats the majority of mast cells is situated around the pulmonary blood vessels and bronchi with only scanty cells identified within the alveolar septa. In the hypoxic rats, the total number of mast cells was increased markedly and its distribution within the lung was altered somewhat.
The proportion of peribronchial mast cells decreased, and the proportion of mast cells situated in the alveolar septa greatly increased. The mast cells in the hypoxic rats did not differ morphologically from those in the controls. In particular, there was no evidence of degranulation of lung mast cells in the test rats.
Chronic Hypoxia
The well-known effects of chronic hypoxia on the body weight, blood, and right ventricular weight of the eight surviving test rats are summarized in Table 1 . These animals showed a significantly slower growth rate than the control rats. They developed polycythemia and right ventricular hypertrophy.
Histological examination of the pulmonary vasculature showed an abnormal muscularization of the pulmonary arterioles and medial thickening of the smaller muscular pulmonary arteries ( 1). The lung parenchyma in both groups of animals showed minor chronic inflammatory changes such as are commonly encountered in laboratory rats : scanty accumulations of lymphocytes around some bronchi and blood vessels and occasional small foci of pneumonitis. These changes were Right ventricular weight serves as an index of pulmonary arterial pressure (1). In the control rats, a linear relation exists between the logarithm of the right ventricular weight and the logarithm of the concentration of mast cells in the right lung (correlation coefficient r = 0.8716, P < 0.001). A similar relation exists between the logarithm of the right ventricular weight on one hand and the logarithm of the concentration of perivascular and airway (peribronchial and septal) mast cells on the other hand: r = 0.7993 (P < 0.001) and 0.8847 (P < O.OOl), respectively.
When the control and hypoxic rats are considered together as a group, there is a linear relation between the logarithm of the right ventricular weight and the logarithm of the lung mast-cell density (r = 0.7249, P < 0.001) (Fig. 1) . A similar relation also exists between the logarithm of the right ventricular weight on one hand and the logarithm of the concentration of perivascular mast cells (r = 0.7059, P < 0.01) and airway mast cells (r = 0.6136, P < 0.01) on the other hand. When the eight hypoxic rats are considered separately, there is no apparent logarithmic relation between the degree of right ventricular hypertrophy on one hand and the total concentration of lung mast cells (r = 0.2549) and the concentration of perivascular (r = 0.0688) and airway (r = 0.4137) mast cells on the other hand. correlation between the number of mast cells counted in the median lobe of the right lung and the specific histidine decarboxylase activity measured in the left lung in either the control or hypoxic groups of rats; the respective correlation coefficients are 0.3371 and 0.4714.
DISCUSSION
Histochemical examination of acutely hypoxic lung tissue showed no evidence of histamine depletion of perivascular mast cells. We used fluorescence microscopy rather than ordinary light microscopy to examine mast cells because it has been known for some years that substantial amounts of histamine can be released from mast cells without evidence of morphological change visible to light microscopy (30). Mongar (22) was unable to detect degranulation in rabbit basophils when histamine release was less than 30 %. Hence, lack of degranulation seen in sections stained by the conventional toluidine blue method would not preclude substantial histamine release from the pulmonary mast cells. Because acute hypoxia failed to produce gross depletion of histamine from lung mast cells, we considered it necessary to demonstrate that our method would in fact detect histamine depletion produced by some other stimulus. Accordingly, compound 48/80 which is known to release histamine from mast cells (27) (9) reported an investigation of the role of the mast cell in the pulmonary pressure response to hypoxia.
They exposed rats to an atmosphere of 12.5 % oxygen, balance nitrogen, for 60-90 min, and then used a double-blind counting technique to determine the arrangement and degree of granulation of perivascular lung mast cells. They found that while hypoxia did not alter the number or distribution of perivascular mast cells, the cells showed a greater degree of degranulation when compared with those of a group of normoxic control animals. Although this result is not supported by our findings, our experimental procedures differed in several respects. Haas and Bergofsky studied mast-cell degranulation, whereas we looked specifically for evidence of histamine release and did not investigate degranulation.
We subjected our rats to an oxygen pressure of 76 mmHg for 15-60 min, whereas they used a milder hypoxic stimulus with an oxygen pressure of 95 mmHg for 60-90 min. It may be that our maximum time of 60 min hypoxia was insufficient to achieve a degree of histamine release detectible by our fluorescence technique.
The degree of degranulation illustrated in Fig. 1 C of Haas and Bergofsky's paper (9) is comparable to that producd by compound 48/80, and we know that our methods will detect a corresponding degree of histamine release. These workers also reported the rather puzzl .ing finding that about one-third of the perivasc mast cells in their control rats were also degran ulated.
In mast cells the histamine is localized in the basophil granu .les where i t is stored in an ionic linkage to the henarinprotein complex (34). Histamine release is a two-stage process. First, there is an energy-requiring transport of histamine-containing granules to the outside of the mast cells; this is followed by a secondary, extracellular, nonenergy-requiring physicochemical cation exchange process in the shed granules between histamine and cations, mainly sodium, in the tissue fluid. In vitro experiments have shown that histamine release from rat lung mast cells mediated by compound 48/80 and by anaphylactic reaction requires energy, and that it is blocked by anoxia and inhibitors of oxidative phosphorylation (7). On this basis, it might be expected that ventilation hypoxia would tend to inhibit histamine release from pulmonary mast cells, rather than promote it. Apparently this is not the case, since Haas and Bergofsky (9) showed that when a suspension of rat peritoneal mast cells in Ringer solution was equilibrated with a hypoxic gas mixture histamine was released into the supernatant fluid. Longmuir (21) has suggested that hypoxia induces an altered ratio of ATP: ADP which in turn leads to ular sufficient energy for the release steps involved.
Althou .gh we were unable to measure pulmonary ar terial blood pressure and systemic arterial oxygen saturation in the rats confined to the decompression chamber, there is clear evidence that these animals were in fact exposed to a significant degree of chronic hypoxia because they developed right ventricular hypertrophy and polycythemia. In chronic hypoxic pulmonary hypertension in rats, there is a significant correlation between the pulmonary artery pressure and the degree of right ventricular hypertrophy (1). Moreover, all these animals developed pulmonary vascular changes previously shown by one of us (,JMK) to be associated with chronic hypoxic pulmonary hypertension in rats. A proliferation of pulmonary mast cells occurred in the chronically hypoxic rats, so that in six of the eight animals the total lung mast-cell count either equaled or greatly exceeded the highest figure recorded in the control rats. It has been reported that body weight, organ weight, and certain physiological parameters are related to each other on a logarithmic basis (31). The linear logarithmic relation between right ventricular weight and lung mast-cell density is consistent with the hypothesis that lung mast-cell proliferation is concerned in the development of chronic hypoxic pulmonary hypertension.
The fact that the hyperplasia of septal mast cells was the most striking finding in the chronically hypoxic rats is in keeping with the demonstration that most of the vasoconstrictor response is in the small pulmonary arterial vessels (19) which are within the region of the alveolar septal mast cells.
Mast-cell proliferation is a well-known concomitant of chronic inflammation (26). The lungs of both the control and hypoxic rats showed minor chronic inflammatory changes in the lung such as are common in these laboratory animals (16). The chronic inflammatory changes in the hypoxic rate were, however, not more severe than those encountered in the controls. Moreover, the foci of mast-cell proliferation in the alveolar septa visualized in sections stained with toluidine blue did not correspond with the small areas of pneumonitis visualized in adjacent sections stained with hematoxylin and eosin. We conclude, therefore, that chronic inflammation was not the cause of the increased lung mast-cell density observed in the hypoxic rats. There is evidence that chronic interstitial pulmonary edema may be associated with proliferation of mast cells in the alveolar walls. The administration of hydrazine sulfate and monocrotaline to rats leads to the development of pulmonary edema associated with mast-cell proliferation (20). Mast-cell proliferation has been observed in the lungs of patients suffering from mitral stenosis and chronic pulmonary edema (14). P erivascular edema in the lungs has been produced in young rats acutely exposed to 8 YO oxygen (37), and ultrastructural evidence of interstitial pulmonary edema has been observed in guinea pigs exposed to a simulated altitude of 5,400 m above sea level for 1 hr (35). Although none of our chronically hypoxic rats showed any histological evidence of pulmonary edema, we cannot ex---------.--.-mj -_-.
---.m-------?az,---elude the possibility that thechronic hypoxia may have induced interstitial pulmonary edema of the alveolar walls and that this may, in turn, have led to the proliferation of mast cells. Widening of alveolar septa and perivascular cuffing as visualized by light microscopy are only late manifestations of pulmonary edema, while interalveolar edema is the final stage (32).
Two kinetically different histamine-forming enzymes have been demonstrated in mammalian tissues. One is identical with the nonspecific aromatic L-amino-acid decarboxylase also referred to as L-DOPA decarboxylase. This enzyme has a low affinity for histidine and there is no evidence to show that it contributes significantly to histamine formation under normal conditions in vivo. The other enzyme is
